INTRODUCTION {#S1}
============

MicroRNAs (miRNA) regulate physiological and pathological conditions such as cancer ([@R1]). After processing by the RNase III Drosha/DGCR8 and Dicer/TRBP complexes, the leading strand of a mature miRNA is incorporated into the miRNA-induced Silencing Complex (miRISC) that suppresses the expression of target mRNA ([@R2]). miRISC contains a miRNA-binding endonuclease Ago2, helicases, and mRNA-binding proteins including TNRC6A, B, and C ([@R3]).

Senescence is a stable proliferative arrest associated with exhaustion of replicative potential of primary cells. Activation of oncogenes such as *ras* in early-passage cells causes a senescence-like phenotype known as oncogene-induced senescence ([@R4]), mediated by DNA damage responses triggered by DNA hyper-replication ([@R5];[@R6]). Induction of senescence depends on sequential activation of the ERK and p38 MAPK pathways ([@R7]--[@R9]), and is marked by induction of p16^INK4A^, p53 and p21^WAF1^ ([@R10]). Disruption of senescence accelerates cancer development ([@R11];[@R12]), indicating that oncogene-induced senescence suppresses tumorigenesis in vivo. The role of miRNAs in senescence has begun to unveil. Senescent cells display distinct miRNA expression profiles; some miRNAs indeed are involved in senescence ([@R13]--[@R16]).

In addition to its ability to mediate miRNA production and functionality, the miRNA machinery was recently implicated in DNA damage responses (DDRs) ([@R17]--[@R19]), a signaling pathway that mediates proliferative arrest and DNA damage repair in response to DNA lesions. In multiple organisms, DNA double strand breaks (DSBs) induces the production of 21-nucleotide small RNA (DNA damage response RNA, DDRNA) from the sequences near the DSB, which are critical for DDRs ([@R17];[@R18]). Components of the miRNA pathway, Drosha, Dicer and Ago2, are essential for the biogenesis of DDRNA and DSB-induced DDRs, including focus formation and homologous recombination (HR)-mediated DNA repair, thus highlighting a novel function of the miRNA pathway in DDRs. While the exact role of DDRNAs in DDR is currently unknown, they may promote recruitment of methyltransferases and acetyltransferases to DSB, and mediate histone modifications and chromatin remodeling that is critical for the assembly of DDR factors at damage sites and DNA repair ([@R19]).

In this study, we identified miR-30, a microRNA with increased expression in human cancers, as an inhibitor of oncogene-induced senescence, and demonstrated that miR-30 disrupts senescence and accelerates tumorigenesis both in cells and mouse by targeting CHD7, a transcriptional coactivator of p16^INK4A^, and TNRC6A, a miRNA pathway component essential for *ras*-induced DDRNA expression and functionality, DDRs and subsequent activation of p53. miR-30 thus inhibits activation of both p16^INK4A^ and p53, leading to senescence disruption. These findings reveal CHD7 and TNRC6A as novel components in signaling pathways mediating oncogene-induced senescence, and identify miR-30 as a novel cancer driver, which may serve as a new diagnostic marker and therapeutic target for cancer.

RESULTS {#S2}
=======

miR-30 disrupts oncogenic ras-induced senescence {#S3}
------------------------------------------------

We screened a lentiviral expression library containing 524 miRNAs (Biosettia) to search for miRNAs that, when overexpressed, inhibit oncogenic *ras*-induced senescence in BJ primary human fibroblasts. We identified 47 miRNAs in the primary screen, and miR-30 was identified as one of the 8 hits in retests ([Fig. S1A](#SD1){ref-type="supplementary-material"}). Increased expression of each of the 5 miR-30 family members abrogated induction of proliferative arrest and SA-β-gal by *Ha-rasV12* in BJ cells ([Fig. 1A--C](#F1){ref-type="fig"}, [S1B](#SD1){ref-type="supplementary-material"}). Mutant miR-30c with a scrambled seed sequence failed to do so ([Fig. S1C--D](#SD1){ref-type="supplementary-material"}). Same results were reproduced in primary WI-38 human fibroblasts and human mammary epithelial cells (HMECs) ([Fig. S1E--F](#SD1){ref-type="supplementary-material"}).

miR-30c disrupts senescence and enhances cancer development in murine cancer models {#S4}
-----------------------------------------------------------------------------------

We generated inducible miR-30c-1 transgenic lines ([@R20]) ([Fig. S2A--C](#SD1){ref-type="supplementary-material"}) and analyzed the role of miR-30 in DMBA-induced skin carcinogenesis in which senescence suppresses tumorigenesis ([@R12]). Treatment of mouse skin with DMBA followed by TPA induces skin papillomas, the majority of which are driven by activating *ras* mutations ([@R21];[@R22]). We created a strain specifically overexpressing miR-30c in skin epithelium, the origin of DMBA-induced skin papillomas, but not in other tissues ([Fig. S2A, S2D](#SD1){ref-type="supplementary-material"}). While there was no difference in the incidence or latency of tumor induction ([Fig. 1D](#F1){ref-type="fig"}), DMBA/TPA induced faster growing ([Fig. 1E](#F1){ref-type="fig"}) and more ([Fig. 1F](#F1){ref-type="fig"}) tumors in the miR-30c transgenic than in the control littermates. SA-β-gal-positive senescent cells were detected in skin tumors from the wild type mice, but barely in miR-30c transgenic tumors ([Fig. 1G](#F1){ref-type="fig"}, [S2E](#SD1){ref-type="supplementary-material"}). Thus, miR-30c accelerates skin carcinogenesis and disrupt senescence induction in vivo.

We further analyzed the effect of miR-30 in a ductal pancreatic cancer model driven by KrasG12D (LSL-KrasG12D; Pdx1-Cre) ([@R23];[@R24]). When crossed into this model, miR-30c expression was increased specifically in pancreas but not in other tissues of miR-30c-1 transgenic mice as compared to control littermates ([Fig. S2F](#SD1){ref-type="supplementary-material"}). Pancreatic cancer development in this model is characterized by histological progression from normal ductal morphology to low-grade (1A and 1B) pancreatic intraepithelial neoplasias (PanINs), high-grade (2 and 3) PanINs, and eventually invasive pancreatic ductal adenocarcinoma (PDA)([@R23]). At both 5- and 7-month of age, the pancreas from the miR-30c-1 transgenic mice contained less normal lobules and more lobules containing grade 1B, 2 and 3 PanIN ducts, than that from nontransgenic littermates ([Fig. 1K, L](#F1){ref-type="fig"}, [S2J](#SD1){ref-type="supplementary-material"}). Moreover, 5 of the 15 miR-30c-1 transgenic mice developed PDA at 4-, 5-, 6-, 6.5-, 7-month, respectively, while only 1 of the 14 nontransgenic mice developed PDA at 7-month ([Fig. 1M](#F1){ref-type="fig"}). Thus, miR-30c accelerates KrasG12D-driven pancreatic cancer progression. The development of PanIN lesions is accompanied by senescence induction by KrasG12D in PanINs epithelial cells ([@R24]). We detected less SA-β-gal positive epithelial cells in PanIN lesions from the miR-30c-1 transgenic than the control pancreas ([Fig. 1N](#F1){ref-type="fig"}, [S2G](#SD1){ref-type="supplementary-material"}). Thus, miR-30c promotes pancreatic cancer development and disrupts senescence induction by oncogenic Kras.

miR-30 disrupts ras-induced senescence by targeting CHD7 and TNRC6A {#S5}
-------------------------------------------------------------------

To identify senescence-related miR-30 targets, we made 3′UTR reporters for the top 40 targets predicted by TargetScan and miRBase. 15 of these reporters ([Table S1](#SD1){ref-type="supplementary-material"}), including those for CHD7 and TNRC6A ([Fig. 2A](#F2){ref-type="fig"}, [Table S2](#SD1){ref-type="supplementary-material"}) were suppressed by cotransfected miR-30. miR-30 had no effect on the reporters containing mutant miR-30-binding sites ([Fig. 2A](#F2){ref-type="fig"}, [Table S2](#SD1){ref-type="supplementary-material"}). All 5 miR-30 members inhibited the expression of endogenous CHD7 and TNRC6A mRNA in BJ cells ([Fig. 2B](#F2){ref-type="fig"}). Thus, CHD7 and TNRC6A are direct miR-30 targets. We generated lentiviral shRNAs for these 15 miR-30 targets, and those for CHD7 and TNRC6A abrogated *ras*-induced senescence in BJ ([Fig 2C--H](#F2){ref-type="fig"}), WI-38 and HMEC cells ([Fig. S1G--J](#SD1){ref-type="supplementary-material"}). Ras-induced senescence was restored strongly by cotransfected TNRC6A and CHD7 in BJ-miR-30 cells, but only slightly by TNRC6A or CHD7 alone ([Fig. 2I, J](#F2){ref-type="fig"}). Thus, miR-30 disrupts *ras*-induced senescence by targeting CHD7 and TNRC6A, which are essential for senescence induction.

Levels of the miR-30 isoforms were downregulated by oncogenic *ras* ([Fig. 2K](#F2){ref-type="fig"}). In addition, downregulation of all miR-30 isoforms by a lentiviral vector expressing sponges and hairpin inhibitors for miR-30a--e (Biosettia, Inc) ([Fig. 2L](#F2){ref-type="fig"}) induced senescence in BJ cells ([Fig. 2M--N](#F2){ref-type="fig"}). Thus, miR-30 is an integral component of the senescence-inducing pathway.

CHD7 mediates ras-induced p16^INK4A^ expression as a transcriptional coactivator {#S6}
--------------------------------------------------------------------------------

CHD7 is an ATP-dependent helicase and a transcriptional coactivator([@R25]--[@R29]). In a survey of expression of senescence effectors, ectopic expression of miR-30 or CHD7 shRNA reduced *ras*-induced p16^INK4A^ at both protein ([Fig. 3A](#F3){ref-type="fig"}) and mRNA ([Fig. 3B](#F3){ref-type="fig"}) levels. Cotransfected CHD7 stimulated transcription from a 3 kb (−3570 \~ +306) and a 1.2 kb (−891 \~ +306) p16^INK4A^ promoter in 293T cells ([Fig. 3C](#F3){ref-type="fig"}). Transcription from these 2 reporters was also induced by oncogenic *ras* in BJ cells ([Fig. 3D](#F3){ref-type="fig"}). Thus, CHD7 is essential for *ras*-induced p16^INK4A^ transcription.

Using Chromatin immunoprecipitation (ChIP) assay, we mapped the CHD7 binding site to −119 \~ −12 of the p16^INK4A^ promoter ([Fig. 3E](#F3){ref-type="fig"}). Binding of CHD7 to this region was greatly enhanced by oncogenic *ras* ([Fig. 3E](#F3){ref-type="fig"}). Consistent with previous reports ([@R26];[@R27]), the CHD7 binding site is located in an open chromosomal region marked by H3K4me3 and H3K4me1. However, the H3K4me3- and H3K4me1-binding sites were much broader than that of CHD7 and not dependent on *ras* ([Fig. 3E](#F3){ref-type="fig"}), suggesting that although CHD7 binds to open chromatin regions containing H3K4me, H3K4me may not be the only determinant for CHD7 binding. Further demonstrating the functional significance of CHD7 binding, deletion of the CHD7 binding site (−119 \~ −12) ([Fig. 3F](#F3){ref-type="fig"}) reduced induction of the p16^INK4A^ transcription by cotransfected CHD7 in 293T cells ([Fig. 3G](#F3){ref-type="fig"}), and by oncogenic *ras* in BJ cells ([Fig. 3H](#F3){ref-type="fig"}). Deletion of CHD7 from BJ cells by the CRISPR/Cas9 ([Fig. 3I](#F3){ref-type="fig"}) also abrogated *ras*-induced p16^INK4A^ transcription ([Fig. 3J](#F3){ref-type="fig"}). Thus, CHD7 mediates *ras*-induced p16^INK4A^ expression as a transcriptional coactivator.

Inactivation of miRNA machinery disrupts oncogenic ras-induced senescence {#S7}
-------------------------------------------------------------------------

Requirement of TNRC6A in senescence led us to examine the role of other components of the miRNA pathway. shRNAs that inhibited the expression of TNRC6B, a homolog of TNRC6A, abrogated oncogenic *ras*-induced growth arrest and accumulation of SA-β-gal ([Fig. S3A--C](#SD1){ref-type="supplementary-material"}). Silencing of Dicer to modest levels (shDicer-1 and -4) disrupted senescence; while a more potent Dicer shRNA (shDicer-2), although reduced proliferation of both control and *ras*-expressing cells, also prevented induction of SA-β-gal by *ras* ([Fig. S3D--F](#SD1){ref-type="supplementary-material"}). Ago2 knockdown moderately reduced cell proliferation, but essentially blocked *ras*-induced senescence ([Fig. S3G--I](#SD1){ref-type="supplementary-material"}). Thus, multiple components of the miRNA pathway are essential for oncogene-induced senescence, consistent with prior reports that downregulation of miRNA machinery increases tumorigenesis([@R30]--[@R33]). Our results have thus suggested an important role of the miRNA pathway in oncogene-induced senescence.

miR-30 and TNRC6A shRNA disrupt oncogenic ras-induced DNA damage responses {#S8}
--------------------------------------------------------------------------

Since the miRNA pathway plays an essential role in DDR by regulating the biogenesis of small non-coding DDRNAs that orchestrate the assembly of DNA damage foci and chromatin remodeling around the damage sites ([@R17]--[@R19];[@R34]), we investigated whether miR-30, through inhibition of a miRNA pathway component TNRC6A, disrupts senescence by impairing oncogene-induced DDR. *Ras* induced formation of 53BP1 and γH2AX foci, consistent with previous reports([@R5];[@R6]), which was impaired by miR-30 or TNRC6A shRNAs, and by Dicer shRNA ([Fig. 4A--C](#F4){ref-type="fig"}). miR-30 ([Fig. 4D](#F4){ref-type="fig"}) and TNRC6A shRNA ([Fig. 4E](#F4){ref-type="fig"}) abrogated *ras*-induced DDR signaling, including phosphorylation of γH2AX, Chk2-T68, p38 MAPK and p53-S15, and induction of a p53 transcriptional target p21^WAF1^, and abolished *ras*-induced p53 transcriptional activity on a stably integrated reporter (PG-Luc)([@R8]) ([Fig. 4F](#F4){ref-type="fig"}). Thus, miR-30 and TNRC6A shRNA disrupt *ras*-induced DDR, an intermediate step toward subsequent p53 activation and senescence induction.

miR-30 and TNRC6A shRNA disrupt γ-radiation-induced DNA damage responses and p53 activation {#S9}
-------------------------------------------------------------------------------------------

We tested the impact of miR-30 and TNRC6A on DDR induced by genotoxic agents. Ectopic expression of miR-30 and TNRC6A knockdown greatly reduced formation of γ-radiation-induced 53BP1 foci ([Fig. 5A](#F5){ref-type="fig"}, [S4A](#SD1){ref-type="supplementary-material"}), but only modestly (although with statistical significance) reduced γ-radiation-induced γH2AX foci ([Fig. S4A, B](#SD1){ref-type="supplementary-material"}). miR-30 or TNRC6A shRNA also disrupted γ-radiation-induced DDR signaling, including phosphorylation of γH2AX, Chk2-T68 and p53-S15, induction of p21^WAF1^ ([Fig. S4C](#SD1){ref-type="supplementary-material"}), and γ-radiation-induced p53 transcriptional activity ([Fig. S4D](#SD1){ref-type="supplementary-material"}). Thus, by suppressing TNRC6A, miR-30 interferes with γ-radiation induced DDR and p53 activation.

One important component of DDR is checkpoint activation, which results in proliferative arrest, senescence and/or apoptosis, to prevent the transmission of damaged DNA. Different doses of γ-radiation inhibited the amount of BrdU incorporating cells in control BJ cells, indicating a S phase checkpoint arrest, which was alleviated by miR-30 or TNRC6A shRNA ([Fig. S4E](#SD1){ref-type="supplementary-material"}). Thus, miR-30 and TNRC6A shRNA impair γ-radiation-induced S phase checkpoint arrest. Consistent with the disruption of proliferative arrest, miR-30 and TNRC6A shRNA, as well as Dicer shRNA, greatly reduced the percentage of SA-β-gal-positive cells in γ-radiated BJ populations ([Fig. S4F](#SD1){ref-type="supplementary-material"}), indicating that miR-30 and TNRC6A shRNA abrogate γ-radiation-induced senescence. γ-radiation barely induced any apoptosis in BJ cells ([Fig. S4G](#SD1){ref-type="supplementary-material"}), suggesting that senescence, rather than apoptosis, is the major response to γ-radiation in these cells.

miR-30 and TNRC6A shRNA disrupt homologous recombination (HR)-mediated DNA repair, and reduce the level and abrogate the functionality of DDRNA {#S10}
-----------------------------------------------------------------------------------------------------------------------------------------------

Another component of DDR is repair of damaged DNA. To investigate the role of miR-30 and TNRC6A in repair, we used U2OS cells carrying a single integrated copy of the I-SceI-EGFP reporter for HR([@R35]). Expression of I-SceI by lentivirus in the control U2OS/I-SceI-EGFP reporter cells results in a cut at the I-SceI site, and HR-mediated repair of the cut restores a functional EGFP, leading to accumulation of 1.1% of GFP-positive cells indicative of HR repair efficiency. miR-30 or TNRC6A shRNA reduced the efficiency of HR-mediated DNA damage repair by 2--3-fold as compared to the control cells ([Fig. 5B](#F5){ref-type="fig"}). As reported previously([@R17];[@R18]), Dicer shRNA also reduced HR-mediated repair. These suggest that by suppressing TNRC6A, miR-30 disrupts both checkpoint activation and repair after DNA damage.

Drosha, Dicer and Ago2 are essential for the biogenesis of DDRNA from the sequences near DSB sites, which are critical for DDR ([@R17];[@R18]). To investigate the role of TNRC6A and miR-30 on the expression and functionality of DDRNA, we took advantage of the I-SceI-EGFP system in which I-SceI induces a single DSB at a defined genomic locus. In Northern blotting analysis using a probe derived from the region surrounding the I-SceI site, we detected accumulation of DDRNA upon expression of I-SceI, which was essentially abolished by miR-30 or TNRC6A shRNA ([Fig. 5C](#F5){ref-type="fig"}). Thus, miR-30 and TNRC6A shRNA either disrupt the biogenesis or reduces the stability of DDRNA.

Drosha and Dicer are responsible for the processing, while TNRC6A is required for functionality, of miRNA. We reason that TNRC6A may also be required for the functionality of DDRNA in DDR. It was previously shown that transient membrane permeabilization and RNase A treatment leads to degradation of all RNAs including DDRNAs without affecting protein levels, and impairs IR-induced DDR focus formation. This defect in DDR foci can be rescued by incubating RNase A-treated cells with total or gel-purified small RNA isolated from IR-treated cells, which contains DDRNA([@R18]). As in IR-treated cells, RNase A treatment greatly reduced *ras*-induced formation of 53BP1 foci in BJ cells. Total or purified small (\< 200 nucleotides) RNA isolated from *ras*-expressing BJ cells, but not yeast total RNA (tRNA), restored focus formation in control cells, but not in cells expressing miR-30 or TNRC6A shRNA ([Fig. 5D--G](#F5){ref-type="fig"}). Exogenous total RNA isolated from IR-treated BJ cells also restored foci formation in control BJ cells first treated with IR and then with RNase A, but not in cells expressing miR-30 or TNRC6A shRNA ([Fig. 5H](#F5){ref-type="fig"}). Therefore, TNRC6A is required for the functionality of DDRNA in DDR, and by suppressing TNRC6A, miR-30 abrogates the functionality of DDRNA, thus disrupting DDR. Interestingly, exogenous total and small RNA isolated from senescent cells or IR-treated cells did not restore focus formation in BJ cells with Dicer knockdown, either ([Fig. 5E, G, H](#F5){ref-type="fig"}), suggesting that the processing and functionality of DDRNA might be coupled.

TNRC6A is recruited to DNA damage sites and mediates histone modifications and chromatin remodeling and recruitment of DDR factors on these sites {#S11}
-------------------------------------------------------------------------------------------------------------------------------------------------

To further investigate the mechanism by which TNRC6A regulates DDR, we examined the role of TNRC6A in DNA damage-induced chromatin remodeling, an essential step in DDR in which DDRNAs may act as guiding molecules([@R19]). Histones including γ-H2AX, H2AX and H3 are released from chromatin adjacent to DNA damage sites, when chromatin is extracted in 1.0M NaCl([@R36]). *ras*-induced NaCl solubility of these 3 histones was abrogated by miR-30 and TNRC6A shRNA ([Fig. 6A](#F6){ref-type="fig"}), indicating that miR-30 attenuates TNRC6A-mediated chromatin remodeling resulted from *ras*-induced DNA damage. DDRNAs recruit acetyltransferases and methyltransferases to DSBs, resulting in local histone H4K16Ac and H4K20me modifications, respectively, which are essential for chromatin remodeling after DNA damage([@R19];[@R37]). In ChIP assays in U2OS cells expressing ER-I-PpoI, a 15bp-cutter endonuclease that cleaves DNA at defined sites([@R19];[@R38]), 4-hydroxytamoxifen (4-OHT) induction of ER-I-PpoI led to increased H4K16Ac and H4K20me3 near DSB at a defined locus. These modifications were abrogated by miR-30 or TNRC6A shRNA ([Fig. 6B](#F6){ref-type="fig"}). ChIP assays also revealed that TNRC6A is localized to the I-PpoI cut site, along with 53BP1, γH2AX, ATM and Ago2 ([Fig. 6C](#F6){ref-type="fig"}). TNRC6A is required at least for recruitment of γH2AX and Ago2, because ectopic expression of miR-30 or TNRC6A shRNA reduced γH2AX and Ago2 binding to the cut sites ([Fig. 6D](#F6){ref-type="fig"}). Thus, TNRC6A is recruited to DNA damage sites, where it mediates generation and functionality of DDRNAs, histone modifications and chromatin remodeling, and recruitment of DDR factors.

miR-30 suppresses CHD7 and TNRC6A expression, disrupts DNA damage response and inhibits activation of p16^INK4A^ and p53 in mouse cancel models {#S12}
-----------------------------------------------------------------------------------------------------------------------------------------------

We investigated the impact of miR-30 on p16^INK4A^, DDR and p53 activation *in vivo*. Consistent with the specific expression of miR-30c-1 in skin keratinocytes in the skin carcinogenesis model and in pancreas in the pancreatic cancer model, expression of both CHD7 and TNRC6A was suppressed specifically in respective tissues in miR-30c-1 transgenic, as compared to those from wild type littermates ([Fig. S2D, F](#SD1){ref-type="supplementary-material"}). Thus, CHD7 and TNRC6A are miR-30 targets in mouse models.

Corresponding to reduced senescence in the skin tumors from miR-30c transgenic mice ([Fig. 1G](#F1){ref-type="fig"}, [S2E](#SD1){ref-type="supplementary-material"}), these tumors contained less cells positive for γH2AX or activated p53 (p53-pS15), indicating abrogation of DDR, and less p16^INK4A^-positive cells, as compared to those from wild type littermates ([Fig. 1H--J](#F1){ref-type="fig"}, [S2E](#SD1){ref-type="supplementary-material"}). Thus, miR-30 disrupts senescence and promotes skin carcinogenesis while suppressing its targets CHD7 and TNRC6A and inhibiting p16^INK4A^ induction, DDR and p53 activation. In the pancreatic model, enhanced cancer progression and disrupted senescence was also accompanied by reduction in the γH2AX- and p16^INK4A^-positive epithelial cells in PanIN lesions from the miR-30c-1 transgenic as compared to the control pancreas ([Fig. 1O--P](#F1){ref-type="fig"}, [S2G](#SD1){ref-type="supplementary-material"}). This supports a notion that miR-30 abrogates senescence and promotes cancer development by disrupting p16^INK4A^ induction and DDR through suppression of CHD7 and TNRC6A, respectively. The number of cells positive for p53-pS15 or p53 was very low in these lesions, suggesting that p53 may not mediate DDR in this model. Expression of Cre itself did not induce DDR in normal skin and pancreas in these models ([Fig. S2H](#SD1){ref-type="supplementary-material"}).

DISCUSSION {#S13}
==========

Although several studies indicated that miR-30 is overexpressed in human cancers, the biological significance of increased expression of miR-30 in cancer had been unclear. Here, we demonstrate that miR-30 disrupts oncogene-induced senescence, a key tumor-suppressing mechanism, and promotes tumorigenesis in cell culture and mouse models, by targeting CHD7 and TNRC6A. We are currently analyzing the role of the miR-30/CHD7/TNRC6A pathway in human cancers, and our preliminary results indicate that suppression of CHD7 and TNRC6A expression and senescence by miR-30 also occurs in human cancers and contributes to poor patient survival. These findings establish miR-30 as a cancer driver and reveal new molecular and cellular mechanisms underlying the oncogenic activity of miR-30.

We found that the 2 miR-30 targets involved in senescence, CHD7 and TNRC6A, are essential for the induction of 2 key senescence effectors, p16^INK4A^ and p53, respectively. CHD7 mediates oncogenic *ras*-induced p16^INK4A^ expression as a transcriptional coactivator. TNRC6A, when recruited to DNA damage sites, mediates the expression and functionality of DDRNAs derived from DNA damage sites, which promote histone modifications and chromatin remodeling, and recruitment of DDR factors at the damage sites, thus triggering DDR and subsequently p53 activation. These results provide the molecular mechanism for senescence disruption by miR-30 and suggest that a microRNA can disrupt a phenotype by simultaneously suppressing multiple targets that synergistically confer this phenotype.

Our studies have identified CHD7 and TNRC6A as novel components in the signaling pathway mediating *ras*-induced senescence, and as novel tumor suppressors. CHD7 deficiency is embryonic lethal in mouse([@R39]), and causes CHARGE syndrome in human, a genetic disease characterized by complex birth defects([@R40]). CHD7 is a transcriptional coactivator mapped to DNase I-hypersensitive open chromatin regions containing H3K4me([@R26];[@R27]), and recruited to enhancers by H3K4me or transcriptional activators/coactivators including Oct4, Sox2, Sox9, Twist, p300 and PBAF([@R27]--[@R29]). We found that the CHD7 binding site on the p16^INK4A^ promoter is located in a H3K4me-enriched region, but does not overlap with H3K4me peaks, suggesting that H3K4me is not the only determinant for CHD7 binding, and that CHD7 may be recruited to an H3K4me-enriched, open chromatin region on the p16^INK4A^ promoter by a transcription factor.

TNRC6A, TNRC6B and TNRC6C comprise the trinucleotide repeat-containing (TNRC)-6 protein family([@R41]). By interacting with Ago proteins in the miRISC complex, TNRC6A-C play an important role in miRNA-mediated gene silencing([@R3];[@R42]). Our data demonstrate that TNRC6A is recruited to DNA damage sites along with other DDR factors and is required for *ras*- and IR-induced DDR focus formation, DDR signaling and senescence, for IR-induced checkpoint activation, for HR-mediated repair, for histone modifications and chromatin remodeling at damage sites, and for recruitment of DDR factors to damage sites. These identify TNRC6A as a new component in the recently discovered DDR pathway involving the miRNA machinery. The essential role of TNRC6A in this pathway indicates that not only the miRNA machinery components responsible for miRNA processing (Drosha and Dicer), but also those for miRNA functionality (TNRC6A and TNRC6B), participate in the DDRNA-mediated DDR and *ras*-induced senescence. It is therefore likely that the biogenesis and functionality of miRNAs and DDRNAs are mediated by the miRNA machinery in a similar fashion, in that Drosha and Dicer process precursors of DDRNAs into mature DDRNAs. Mature DDRNAs are then incorporated into a RISC-like complex containing Ago2 and TNRC6 proteins, which is targeted to DNA damage sites by the DDRNAs to orchestra the assembly of DNA damage foci and induction of DDR.

Interestingly, exogenous RNA isolated from senescent cells were also unable to restore focus formation in BJ cells with Dicer knockdown, indicating that Dicer is also required for the functionality of DDRNAs. Meanwhile, TNRC6A knockdown also reduced the levels of DDRNAs. These findings suggest that the processing or the level of DDRNAs and their functionality are coupled. Indeed, it was suggested that miRNA processing is coupled to their functionality. The association of Dicer and Ago2 is required for loading of mature miRNAs to Ago2, and thus the formation of a functional RISC complex([@R43]); the stability of miRNAs depends on Ago2([@R44]). It is likely that similar to miRNAs, DDRNAs are also stabilized upon binding to Ago2 and TNRC6A.

MATERIALS AND METHODS {#S14}
=====================

Cell culture, antibodies and plasmids {#S15}
-------------------------------------

BJ cells were maintained in MEM, and WI38, U2OS-HR reporter cells, 293T and LinX-A cells in DMEM, with 10% FCS. Primary antibodies were from Sigma (actin), Santa Cruz (Ras C-20, p53 FL-393, p21^WAF1^ C-19), Cell Signaling (phospho-p53-Ser15, phospho-Chk2T68, γ-H2AX, phosphor-p38, p38), Abcam (CHD7 ab176807, TNRC6A ab84403) and Novus Biologicals (53BP1). HRP-conjugated goat anti-rabbit secondary antibody was from Jackson Laboratories. Alexa Fluor® 488 Goat Anti-Rabbit IgG was from ThermoFisher Scientific. Plasmid construction is described in [Supplemental Materials](#SD1){ref-type="supplementary-material"}.

Retrovirus- and lentivirus-based gene transduction {#S16}
--------------------------------------------------

Gene transduction was described previously ([@R16];[@R45]).

Analysis of senescence {#S17}
----------------------

Senescence was analyzed by growth and SA-β-Gal staining as described ([@R7]). For analysis of restoration of *ras*-induced senescence, BJ cells transduced with miR-30 and HaRasV12 were transfected with 22.5 μg of pcDNA3-CHD7, pcDNA3-TNRC6A, both pcDNA3-CHD7 and pcDNA3-TNRC6A, or vector control (pcDNA3), together with 7.5 μg of pcDNA3-GFP in 45 μl of X-tremeGENE^™^ HP DNA Transfection Reagent (Roche) in 10-cm plates. GFP positive cells were sorted by flow cytometry 2 days later, and 5000 cells/well were seeded into 12-well plates. Cells were stained for SA-β-gal 2 days later and cell numbers were counted 5 days later.

Western blot analysis {#S18}
---------------------

Western blot was performed as described([@R7]).

RNA isolation and quantitative Real-Time PCR {#S19}
--------------------------------------------

RNA was isolated from cells using TRIzol and quantified by qRT-PCR using iScript^™^ Reverse Transcription Supermix and SsoAdvanced^™^ SYBR Green Supermix (Bio-Rad) in Bio-Rad CFX96 following manufacturer's protocols. GAPDH was used as internal control. Primers are listed in [Supplemental Materials](#SD1){ref-type="supplementary-material"}.

Luciferase reporter assay {#S20}
-------------------------

Luciferase reporters were transfected or transduced into cells. Luciferase activity was determined by Luciferase Assay System following manufacturer's protocols (Promega).

Chromatin-immunoprecipitation (ChIP) assay {#S21}
------------------------------------------

ChIP assays were performed as described before ([@R9]) or following dual-crosslinking protocol (for CHD7) ([@R46]).

RNase A treatment and DDR focus rescue experiments {#S22}
--------------------------------------------------

RNase A treatment and DDR focus rescue were performed as described([@R18]).

Immuno-staining for DNA damage foci {#S23}
-----------------------------------

DDR foci were determined as described([@R18]).

Detection of DDRNA by Northern blotting {#S24}
---------------------------------------

DDRNA was detected by Northern blot as described using a probe near the I-SceI site([@R20]). In brief, 30 μg total RNA was separated on an agarose gel and subsequently transferred to nylon membrane. 50 ng of a fragment digested from the I-SceI-GPF reporter was labeled with \[α-^32^P\]dATP and \[α-^32^P\]dCTP by random priming, purified by using MicroSpin G25 Columns (Amersham), and used as probe to detect DDRNA generated near the I-SceI site. The U6 RNA levels were detected by an oligonucleotide probe from U6 (5′-TATGTGCTGCCGAAGCGAGCAC-3′) and used as loading control. Signals were detected by a Typhoon phospho-imager.

HR-Repair assay {#S25}
---------------

4x10^5^/well of U20S-HR-reporter cell line ([@R35]) was plated into 6-well plates and transduced with lentiviruses encoding miR-30 or shRNAs for TNRC6A or Dicer or a vector control virus, and selected with puromycin. All the cell lines were then transduced with an I-SceI-encoding lentivirus (pLentivirus-MCS-IRES-Bsd-I-SceI) or a vector control and selected with 5 μg/ml of blasticidin. 7--8 days after transduction, cells were collected, and the percentage of GFP positive cells was determined by flow cytometry. Each experiment was performed in triplicates.

BrdU incorporation assay {#S26}
------------------------

3--4x10^5^/well of BJ cells were seeded in 6-well plates, and after overnight incubation, treated with proper dosage of ionizing radiation and incubated at 37°C for 24h. 1 7mu;M BrdU (Sigma) was added into medium and incubated with the cells for 1h at 37°C. BrdU incorporating cells were stained with FITC Anti-BrdU (BD, catalog number 347583) according to manufacturer's protocol and analyzed by flow cytometry. Each experiment was performed in triplicates.

Apoptosis assay {#S27}
---------------

Apoptosis was determined by Annexin-V kit (eBioscience).

Analysis of tumor formation and senescence in mouse models {#S28}
----------------------------------------------------------

miR-30c-1 transgenic mice were generated by targeting miR-30c-1-coding sequence into Rosa26 locus as described([@R20]), and crossed to KRT14-Cre and Pdx1-Cre mice to generate tissue-specific transgenic lines. Cancer development was analyzed as described ([@R23];[@R47]). Sample sizes are chosen based on similar published studies. Animals with desired genotypes are randomly chosen. Quantification of IHC results were performed by blinded investigators who do not know the nature of the samples. Animal protocols are approved by the IACUC committee of The Scripps Research Institute and Wake Forest University Medical Center.

Chromatin remodeling {#S29}
--------------------

Chromatin remodeling was determined by NaCl solubility assay as described([@R19]).
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![miR-30 disrupts *ras*-induced senescence, and miR-30c-1 promotes cancer development and disrupts senescence, DDR and p53 and p16^INK4A^ induction in mouse models.\
(A) miR-30 levels in BJ cells transduced with miR-30 family members (miR-30) or vector (Ctrl) measured by qRT-PCR.\
(B) Growth curves of cells transduced with miR-30 members or vector (Ctrl) and *ras* (Ras) or vector (WH).\
(C) % of SA-β-gal-positive cells on day-10 in cells in (B).\
(A--C) Values are mean±SD for triplicates. \* p \< 0.05 vs Ctrl (A) or Ctrl-Ras (B, C) by Student t test.\
(D) Tumor-free survival in miR-30-1 transgenic (Cre+/−) and non-transgenic (Cre−/−) littermates in 2-stage DMBA carcinogenesis.\
(E--F) Average tumor growth rate (E) and number of tumors/mice (F) in miR-30-1 transgenic (Cre+/−) and non-transgenic (Cre−/−) littermates in 2-stage carcinogenesis.\
(G--J) Quantification of cells positive for SA-β-gal (G), γ-H2AX (H), p53-pS15 (I) and p16^INK4A^ (J) in DMBA-induced papilloma from miR-30-1 transgenic (Cre+/−) and non-transgenic (Cre−/−) littermates, normalized to tumor areas. p values determined by unpaired t test.\
(K--L) % of pancreatic lobules containing normal (NL) and neoplastic ducts by grade (1A, 1B, 2 and 3) in 5-month (K) or 7-month (L) miR-30c-1 transgenic (CTV30c+/−) or control (CTV30c−/−) littermates. Values are mean±SD. \*, p \< 0.05; \#, p \< 0.01; ns, not significant for CTV30c+/− vs CTV30c−/− in unpaired t test.\
(M) Number of miR-30c-1 transgenic (CTV30c+/−) and control (CTV30c−/−) littermates that developed PDA by month-7.\
(N--P) % of SA-β-gal- (N), 16^INK4A^- (O) and γH2AX- (P) positive epithelial cells in PanIN lesions in miR-30c-1 transgenic (30c+/−) or control (30c−/−) pancreata. p values determined by unpaired t test.](nihms969746f1){#F1}

![miR-30 disrupts senescence by targeting TNRC6A and CHD7.\
(A) miR-30 suppresses the 3′UTR-reporters of TNRC6A and CHD7. The 3′UTR Firefly luciferase reporters of TNRC6A and CHD7 containing wild type (WT) or mutant (Mut) miR-30-binding sites were cotransfected into 293 cells with CMV-Renilla Luciferase and miR-30d or vector (Ctrl). Firefly luciferase activity was determined 24 hrs later and normalized to Renilla luciferase activity.\
(B) TNRC6A and CHD7 mRNA were determined in BJ cells transduced with miR-30 members or vector (Ctrl) by qRT-PCR.\
(C, F) TNRC6A (C) or CHD7 (F) mRNA were measured in BJ cells transduced with shRNA for TNRC6A (C) or CHD7 (F) or a scrambled shRNA (shSC) by qRT-PCR.\
(D, G) Growth curves of BJ cells transduced with shRNA for TNRC6A (D) or CHD7 (G) or scrambled shRNA (shSC) and HaRasV12 (Ras) or vector (WH).\
(E, H) % of SA-β-gal-positive cells in populations in (D) and (G), respectively, on day-9 of the growth curves.\
(I--J) BJ cells transduced with miR-30c and HaRasV12 were transfected with TNRC6A, CHD7, both or vector (pcDNA3) together with pcDNA3-GFP. GFP-positive cells were sorted and stained for SA-β-gal (I) and numbers counted after 7 days (J).\
(K) Levels of miR-30 family members were measured in BJ cells transduced with HaRasV12 (Ras) or vector (WH) by qRT-PCR.\
(L--M) Inhibition of miR-30 induces senescence. BJ cells transduced with a miR-30-Locker that inhibits the expression of all miR-30 isoforms (Locker, Biosettia) or vector control (Ctrl) were analyzed for the expression levels of miR-30a--e by qRT-PCR (L), and oncogenic *ras*-induced senescence by growth curve analysis (M) and SA-β-gal staining (N).\
(A--N) Values are mean±SD for triplicates. \* p \< 0.05 vs Ctrl, shSC, WH, or VT by Student t test.](nihms969746f2){#F2}

![CHD7 mediates *ras*-induced p16^INK4A^ expression as a transcriptional coactivator.\
(A--B) p16^INK4A^ protein (A) and mRNA (B) levels were measured in BJ cells transduced with miR-30 or vector (Ctrl) or CHD7 shRNA or a scrambled shRNA (shSC) and HaRasV12 (Ras) or vector (WH). \* p \< 0.05 vs Ctrl or shSC by Student t test.\
(C) Luciferase reporters for the 3kb (−3570\~+306) and 1.2kb (−891\~+306) p16^INK4A^ promoters were transfected into 293T cells with pcDNA3-CHD7 or vector.\
(D) BJ cells containing stable luciferase reporters for the 3kb- and 1.2kb-p16^INK4A^ promoters were transduced with HaRasV12 (Ras) or vector (WH).\
(C, D) ns, no statistical significance by Student t test.\
(E) ChIP analysis of the p16^INK4A^ promoter. Abundance of DNA between −3523\~+2917 of p16^INK4A^ promoter immnuoprecipitated from BJ cells transduced with HaRasV12 (Ras) or vector (WH) by CHD7, H3K4me3, H3K4me1 antibodies or IgG was determined by qRT-PCR, and normalized to input. Arrows, positions of the DNA binding peaks. \*, regions lacking efficient primers.\
(F) Diagrams of the p16^INK4A^ promoter luciferase reporters used in (G) and (H), showing position of the deleted CHD7-binding site and transcriptional start site (TSS).\
(G) The p16^INK4A^ promoter luciferase reporter with (WT) or without the CHD7-binding site were transfected into 293T cells with pcDNA3-CHD7 or vector.\
(H) BJ cells containing a stable p16^INK4A^ promoter luciferase reporter with (WT) or without the CHD7-binding site (Δ−119\~−12) were transduced with HaRasV12 or vector.\
(G, H) \* p \< 0.05 vs WT by Student t test.\
(I--J) BJ cells containing a stable luciferase reporter for the 3kb (−3570\~+306) p16^INK4A^ promoters were transduced with CRISPR/Cas9 for CHD7 or a scrambled sequence (SC), and then with HaRasV12 (Ras) or vector (WH). CHD7 protein (I) and luciferase activity (J) were determined. \* p \< 0.05 vs SC by Student t test.\
(C--D, G--H, J) Luciferase activity was determined 48 hrs (C, G) or 7 days (D, H, J) later and normalized to protein concentrations.\
(B, C--E, G--H, J) Values are mean±SD for triplicates.](nihms969746f3){#F3}

![TNRC6A is essential for *ras*-induced DDR and p53 activation.\
(A--C) BJ cells transduced with miR-30 or vector (Ctrl) or shRNA for TNRC6A or Dicer or a scrambled sequence (shSC) and HaRasV12 (Ras) or vector (WH) were stained for 53BP1- or γ-H2AX-foci and photographed (A). % of cells with \> 5 53BP1- (B) or γ-H2AX (C)-foci (arrows) were quantified.\
(D--E) Western blot of BJ cells transduced with miR-30c-1 or vector (Ctrl) (D) or shRNA for TNRC6A or a scrambled sequence (shSC) (E) and then with HaRasV12 (Ras) or vector (WH) on day 8 post Ras-transduction.\
(F) BJ cells with a stable p53-dependent luciferase reporter (PG-Luc) were transduced with miR-30 or vector (Ctrl) (left) or shRNA for TNRC6A or Dicer or a scrambled shRNA (shSC) (right) and then with HaRasV12 (Ras) or vector (WH). Luciferase activity was determined 7 days later and normalized to protein concentrations.\
(B--C, F) Values are mean±SD for triplicates. \* p \< 0.05 vs Ctrl or shSC by Student t test.](nihms969746f4){#F4}

![miR-30 and TNRC6A shRNA disrupt γ-radiation induced 53BP1-foci, HR-mediated repair, and expression and functionality of DDRNAs.\
(A) % of cells with 53BP1-foci in BJ cells transduced with miR-30 or vector (Ctrl) or shRNA for TNRC6A or Dicer or a scrambled sequence (shSC) and treated with 0 or 1Gy γ-radiation.\
(B) miR-30 and TNRC6A shRNA disrupt HR-mediated repair. I-SceI-EGFP-U2OS cells were transduced with miR-30, shRNA for TNRC6A or Dicer or vector control (Ctrl), and then transduced with I-SceI \[(+)I-SceI\] or control \[(−)I-SceI\]. % of GPF positive cells was determined by flow cytometry 7 days later.\
(A, B) \* p \< 0.05 vs Ctrl or shSC by Student t test.\
(C) miR-30 and TNRC6A shRNA reduce the DDRNA levels. Autoradiogram of Northern blot analysis of DDRNAs in I-SceI-EGFP-U2OS cells after transduction with miR-30c-1, shRNA for TNRC6A or vector (Ctrl) and I-SceI \[(+)I-SceI\] or control \[(−)I-SceI\]. A radio-labeled DNA fragment from the region surrounding the I-SceI site was used as probe for DDRNAs. U6 RNA was used as loading control.\
(D--H) miR-30 and TNRC6A shRNA abrogate the functionality of DDRNA. BJ cells transduced with miR-30 or vector (miR-Ctrl) (D, F) or shRNA for TNRC6A or Dicer or a scrambled sequence (shSC) (E, G) and then with HaRasV12 (Ras) or vector (WH) were permeabilized, treated with RNaseA or not (N), and after washing and incubation with RNasin, incubated with total (D--E) or small (≤200 nucleotides) (F--G) RNA isolated from senescent cells, yeast total RNA (tRNA) or vehicle (N). Cells were stained for 53BP1-foci and quantified.\
(H) BJ cells transduced with shRNA for TNRC6A (shTNR-1, 2) or Dicer or a scrambled sequence (shSC) or miR-30 or vector (miR-Ctrl) were treated with 1Gy γ-radiation, permeabilized after 24 hrs, treated with RNaseA or not (N), and after washing and incubation with RNasin, incubated with total RNA isolated from 1Gy γ-radiation-treated BJ cells (total RNA), yeast total RNA (tRNA) or vehicle (N). Cells were stained for 53BP1-foci and quantified.\
(A--B, D--H) Values are mean±SD for triplicates.\
(D--H) \# p \< 0.05 vs N/N by Student t test. \*\* p \< 0.05 vs RNaseA/tRNA by Student t test. \* p \< 0.05 vs miR-Ctrl+Ras (D, F) or shSC+Ras (E, G) or miR-Ctrl/shSC+IR (H) by Student t test.](nihms969746f5){#F5}

![TNRC6A is localized at DNA damage sites and mediates histone modifications and chromatin remodeling and recruitment of DDR factors after DNA damage.\
(A) Western blot of supernatants from NaCl extraction of BJ cells transduced with miR-30c or vector control (Ctrl), TNRC6A shRNA (shTNR-2) or scrambled shRNA (shSC), and HaRasV12 (Ras) or vector (WH).\
(B) ChIP analysis of U2OS cells transduced with miR-30 (30c, 30d) or vector (Ctrl), or TNRC6A shRNA (sh3) or scrambled shRNA (sc), and ER-I-PpoI with \[I-PpoI(+)\] or without \[I-PpoI(−)\] 4-OHT induction, using anti-H4K20me3 or anti-H4K16Ac antibodies or IgG.\
(C) TNRC6A, 53BP1, γH2AX, ATM and Ago2 are co-localized at DNA damage sites. ChIP analysis of U2OS-ER-I-PpoI cells with \[I-PpoI(+)\] or without \[I-PpoI(−)\] 4-OHT induction.\
(D) TNRC6A is required for binding of γH2AX and Ago2 to DNA damage sites. ChIP analysis of U2OS cells transduced with miR-30c (30c) or vector (Ctrl), or TNRC6A shRNA (sh3) or a scrambled sequence (SC), and ER-I-PpoI with \[I-PpoI(+)\] or without \[I-PpoI(−)\]4-OHT induction.\
(B--D) Abundance of immunoprecipitated DNA near the I-PpoI site on chromosome 1 was measured by qRT-PCR and normalized to input. Values are mean±SD for triplicates. \* p \< 0.05 vs Ctrl I-PpoI(+) or SC I-PopI(+) (B, D) or I-PpoI(−) (C) by Student t test.\
(C--D) Relative enrichment was calculated.](nihms969746f6){#F6}
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